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We report the incorporation of the Wiimote, a light-tracking remote control device, into two 
undergraduate-level experiments. We provide an overview of the Wiimote's basic functions and a 
systematic analysis of its motion tracking capabilities. We describe the Wiimote's use in measuring 
conservation of linear and angular momentum on an air table, and measuring the gravitational 
constant with the classic Cavendish torsion pendulum. Our results show that Wiimote is a simple 
and affordable way to streamline the data acquisition process and produce results that are generally 
superior to those obtained with conventional techniques. 



I. INTRODUCTION 



Since its introduction in 2006, Nintendo's Wii game 
console has garnered considerable attention for its novel 
controller, the Wii Remote (Wiimote) »i With solid-state 
accelerometers and a front-mounted camera, the Wiimote 
incorporates the controller's motion and position into the 
user interface. For example, a player can swing the Wi- 
imote like a baseball bat or use it as a pointer for selecting 
on-screen options. 

The Wiimote communicates with the console over a 
standard wireless Bluetooth interface, making it quite 
simple to use the remote with any Bluetooth-enabled 
PC. The range is typically shorter than the range of Wi- 
Fi, but adequate for classroom-scale projects, and data 
transfer is virtually instantaneous for the kinds of appli- 
cations we describe in this paper. 

It is not surprising, therefore, that the Wiimote has 
found applications in instructional physics laboratory ex- 
periments, with most of the attention focused on us- 
ing its accelerometers.^^'* In this paper we describe how 
to use the Wiimote for tracking the motion of objects 
in two common undergraduate laboratory experiments. 
The first experiment demonstrates conservation of lin- 
ear and angular momentum using elastic collisions on an 
air table. The second experiment updates the familiar 
Cavendish measurement of the gravitational constant. 

In both cases, Wiimote data acquisition offers a fun 
alternative for students already fond of the Wii game 
system. Moreover, the data recorded is typically much 
greater, in quantity and quality, than what can be ob- 
tained with more traditional methods. This affords stu- 
dents the opportunity to follow up their experiment with 
more sophisticated off-line data-analysis techniques. 



II. WIIMOTE BASICS 

When playing a typical Wii game, the Wiimote's ac- 
celerometers provide the console with partial information 
about the controller's spatial orientation. Additional in- 
formation, such as whether a Wiimote is pointed at the 
right or left side of the screen, requires information from 
its camera. The user places an array of IR LEDs, the 
sensor bar, next to the television or monitor and points 
the Wiimote at a sequence of on-screen targets. To avoid 
being distracted by the screen or other light sources, the 
Wiimote's camera sits behind an IR filter. The only thing 
the Wiimote sees is the sensor bar. 

The power of the Wiimote is that it does the image pro- 
cessing before sending the data to the console. It returns 
the coordinates of the sensor bar LEDs, not the actual 
camera image. The console software then builds a map, 
connecting the screen coordinates of the targets with the 
reported camera coordinates of the LEDs. When the 
mapping is complete, the console can determine where 
the user is pointing to, as long as the sensor bar remains 
within the Wiimote's field of view. 

Our experiments reverse the roles of the Wiimote and 
the sensor bar. Rather than using fixed lights as a refer- 
ence system for a moving Wiimote, we fix the Wiimote 
and use it to track moving lights. Tracking invisible IR 
LEDs is inconvenient, but the IR filter is easily removed 
by opening the Wiimote housing with a tri-wing screw- 
driver. Even with normal overhead lighting on, we have 
found that the Wiimote can track LEDs of all colors, as 
well as spots from red and green laser pointers, dots on 
a computer monitor, and even refiective stickers. 

Bypassing the console and extracting the light coordi- 
nates directly from the Wiimote is surprisingly simple. 
Doing this is so popular that numerous software libraries 
are freely available, allowing any Bluetooth-enabled com- 
puter to talk to a Wiimote. Our work utilized a free, 
slightly modified library, written in Python for Windows 
and Linux. '"^ As shown in Fig. [TJ once the right support- 
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Code: 

import time 

from linuxWiimoteLib import Wiimote 
wii = WiimoteO 

print "Hold buttons 1 and 2 on the Wiimote" 
wii . Connect 
wii . activate_IR() 

while True: 

print wii . WiimoteState. IRState .RawXl , \ 
wii .WiimoteState. IRState . RawYl , \ 
wii .WiimoteState. IRState . RawX2, \ 
wii .WiimoteState. IRState. RawY2 

time . sleep(l) 

Output: 

Hold buttons 1 and 2 on the Wiimote 

inquiry complete 

Connected to 00: IE: A9: 68: 72: 29 

starting 

468 639 1023 1023 
468 639 1023 1023 
468 639 1023 1023 



FIG. 1. Basic Python program for extracting Wiimote coor- 
dinates. This program reports the x and y coordinates of the 
first two spots being tracked by the Wiimote at one-second 
intervals. A value of 1023 indicates no spot is being tracked 
by that slot. 



ing libraries are in place, a few lines of code are sufficient 
to track lights and collect the data on a PC. 

The Wiimote returns the x and y coordinates of up to 
four tracked lights with a resolution of 1024 x 768 pixels. 
Its horizontal field of view is approximately ±25°. How- 
ever, the Wiimote has no way to distinguish one light 
source from another. It acquires them in an essentially 
random order and assigns them to four slots. If a source 
is lost and reacquired, it will be assigned to the lowest 
available slot, not necessarily to the one it previously oc- 
cupied. This behavior is rare in our experience unless a 
stray hand blocks a light. Various schemes can fix this 
problem during data acquisition, if so desired. 



III. TESTING MOTION CAPTURE 
PERFORMANCE 

Since the demands of an experiment may exceed those 
of a video game pointer, we have conducted several tests 
of the Wiimote motion tracking performance. To test 
whether the Wiimote's image capture apparatus intro- 
duces any nonlinear distortion of the spot position, a 
Wiimote was mounted on an optics bench in front of an 




200 300 400 500 600 700 800 900 1000 
Horizontal Pixels 



FIG. 2. Deviation from linearity over Wiimote's field of view. 
The Wiimote was placed in front of an LCD screen showing 
a precisely-controlled moving spot. The spot was scanned 
across the Wiimote's entire field of view, and the screen coor- 
dinates were mapped linearly onto the Wiimote's coordinates. 
The graph shows the fit residual + 

LCD monitor. The distance between the Wiimote and 
the screen was such that the edges of the monitor barely 
exceeded the Wiimote's field of view, and the screen and 
Wiimote were leveled and squared. 

A single white dot, with a width of about 2% of the Wi- 
imote's field of view, was scanned across the LCD mon- 
itor, and the known screen coordinates at each position 
were compared with the coordinates returned by the Wi- 
imote. In order to account for differences in scale be- 
tween Wiimote pixels and screen pixels, a linear fit was 
performed between the two sets of coordinates in both 
horizontal and vertical directions according to 

Xwii = ai + biXsci + CiJ/scr (1) 
yWii = a2 + b'zXsci + C2?/scr- (2) 

The residuals from the two fits are combined in quadra- 
ture and shown in Fig. [51 The RMS residuals for the hor- 
izontal and the vertical fits were both 0.39 pixels. Given 
that the expected error due to integer truncation is 0.29 
pixels, this result is quite satisfactory. However, an in- 
teresting feature in Fig. [2] is the periodic beating due to 
roundoff between the two different pixel sizes. 

The next test determined how the Wiimote assigns co- 
ordinates to a spot that extends over several camera pix- 
els. Using the same setup as the previous experiment, the 
Wiimote was shown a stationary dot of increasing radius. 
The reported coordinates were identical for dots as large 
as 10% of the Wiimote's field of view, indicating that the 
Wiimote tracks the center, rather than the perimeter, of 
large spots. For extremely small dots, brightness is likely 
the limiting factor. 

Finally, the tolerance for misaiming the Wiimote was 
characterized by rescanning the dot with the Wiimote 
rotated horizontally (yaw). As Fig. [3] shows, this kind 
of misalignment produces the expected quadratic non- 
linearity, also called keystone distortion, between screen 
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FIG. 3. Deviations from linearity introduced by Wiimote yaw. 
Using the same setup as Fig. (2] the spot was scanned once 
horizontally across the the Wiimote's field of view. The Wi- 
imote was given yaw rotations of —1°, 0°, +1 ° ■ The graph 
shows the fit residual Sx 

coordinates and Wiimote coordinates. These distortions 
must be considered during experimental design. Using 
the Wiimote's full field of view improves resolution but 
amplifies the effects of misalignment-induced nonlineari- 
ties. 



TABLE I. Results of studies of conservation of linear and 
angular momentum for a collision between two objects on an 
air table. The positions of the objected were recorded by the 
Wiimote. 





Puck 


Block 


Total 




Pi., before (10 ^ Ns) 


-16.862 


-0.062 


-16.924 


Api,/pbefore 


Px, after 


-9.196 


-7.410 


-16.606 


1.86% 


Pj/ .before 


-2.192 


0.083 


-2.108 


|Apy/pbefore| 


Py .after 


-2.965 


1.163 


-1.802 


1.80% 


ibcforc (10"^ Nms) 


3.176 


0.030 


3.206 


\AL/ Z/boforo| 


-^'after 


0.999 


2.239 


3.237 


0.98% 




IV. TRACKING OBJECTS - CONSERVATION 
OF MOMENTUM 

In our first example of Wiimote data acquisition, stu- 
dents observe conservation of linear and / or angular mo- 
mentum with colliding objects on a low-friction air ta- 
ble. The data for this popular experiment is typically 
recorded by a video camera.^ Students use software to 
tag the moving objects in individual frames and us this 
information to calculate the velocity of each object. 

The Wiimote can simplify this process by tracking the 
moving objects directly, removing the need for inspecting 
individual video frames. To make the objects trackable, 
their tops are covered in black paper with a reflective 
sticker attached to the center. If one also wishes to track 
the rotation of an object, then an additional sticker can 
be attached at its edge. Attaching two stickers to one 
object, separated by a known distance, also provides a 
calibration to convert Wii pixels into physical lengths. 
The Wiimote is mounted above the air table such that 
as much of the table as possible is within the Wiimote's 
field of view. 

Reflective stickers are convenient because they require 
no power source and add negligible mass to the collid- 
ing objects. When used with only standard fluorescent 
lighting, the stickers' reflective brightness appears to be 
at the limit of what the Wiimote can distinguish from 
ambient light sources. In order for this experiment to 
work reliably, the Wiimote's gain was increased through 
a modification of our software library (see App. El). 

In our particular version of this experiment, students 



FIG. 4. Captured points with reconstructed object positions, 
showing the transfer of linear and angular momentum. The 
puck's initial velocity was 30 cm/s. Positions were sampled 
at 50 Hz. 



collide a circular puck with a rectangular block. Al- 
though the block starts at rest, it has both rotational and 
translational motion after the collision. This shows that, 
for a suitably chosen reference point, an object traveling 
in a straight line possesses angular momentum. 

Figure 4 shows the data collected for one such collision, 
along with the reconstructed positions of the colliding ob- 
jects. The computer polls the Wiimote at a rate chosen 
by the user (here 50 Hz) and records the returned coordi- 
nates and the computer's elapsed time. The rotation of 
the puck was negligible and was not tracked or included 
in the calculations. In principle, it could be included us- 
ing an extra spot, just as with the block. Table U shows 
student data for a particular run, and shows that both 
linear and angular momentum are conserved to better 
than 2%. Since the Wiimote alignment relative to the 
air table was very crude, improved accuracy is quite pos- 
sible. 

The initial velocity of the puck was approximately 
30 cm/s, which for our setup corresponds to 400 pixels/s. 
Although we did not systematically test the Wiimote's 
ability to track faster objects, our experience suggests 
that it should be possible. 
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FIG. 5. Experimental setup for the Cavendish experiment 
with Wiimote data acquisition. 



V. TRACKING LIGHT SPOTS - THE 
CAVENDISH EXPERIMENT 



In the modern version of the Cavendish experiment, 
a laser is used to measure a torsion pendulum's rota- 
tion due to gravitational forces The typical procedure 
requires students to measure both the period of the os- 
cillation and the change in the equilibrium position when 
the external masses are swiveled from one side of the ap- 
paratus to the other. Since the pendulum's period is on 
the order of several minutes, manually recording the po- 
sition of the laser spot is tedious, especially if the data is 
to be taken over several runs. 

A number of automated data acquisition techniques 
are available for this experimenti^^J'^ Few, however, are 
as simple or affordable as the Wiimote. The student 
mounts the Wiimote directed towards the reflected spot 
of the laser, and lets the computer record its position 
at regular intervals. As with the previous experiment, 
a reference is needed to translate Wiimote coordinates 
into actual lengths. As shown in Fig. [SJ we have in- 
stalled an LED on both sides of the laser's target. The 
Wiimote captures the laser spot and the LEDs simultane- 
ously, and the software uses the known distance between 
the LEDs to calculate the actual distance traversed by 
the laser spot. Mounting the LEDs this way and remea- 
suring their position on every sample is a simple way to 
make the experiment self-calibrating. If the position of 
the Wiimote remains absolutely fixed, the appropriate 
scale factor could simply be hard coded. We effectively 
eliminate yaw by using a carpenter's square to set the 
side of the Wiimote housing perpendicular to the target 
wall. 

Figure [6] displays the data for two runs, clearly show- 
ing the expected damped harmonic motion. Each data 
set is obtained with the external lead masses in one of 
two possible orientations. The curves are fit to expo- 
nentially damped sinusoids. The period and equilibrium 
offset from this data set is consistent with a value of 
G = (6.72 ± 0.17) X 10"" Nm^/kg^ The measured value 
deviates from the standard value by only 0.77%. It is im- 
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FIG. 6. Student data obtained with the Wiimote-assisted 
Cavendish experiment. The dashed hnes represent the central 
displacement obtained from the fits. 



portant to note that the contribution to the total error 
from this data acquisition scheme is an order of magni- 
tude smaller than the contribution from uncertainties in 
the geometry of the apparatus, such as the position of 
the lead ball. 



VI. CONCLUSION 

Our two examples suggest that the Wiimote can be a 
useful addition to many different kinds of experiments. 
The primary requirement is to make the intended light 
sources visible to the Wiimote while keeping distracting 
light sources out of its view. With the options we have 
presented (LEDs, lasers, and reflectors), there is likely 
a way to incorporate the Wiimote into most small-scale 
motion experiments. Larger experiments, such as those 
involving projectile motion, may face tougher challenges. 

For appropriate experiments, the Wiimote is a ver- 
satile way to collect abundant, high-quality data. Its 
price is typically a fraction of dedicated, commercial data 
acquisition tools, making it ideal for use even in high 
schools. Moreover, its ease of use can enhance the ap- 
peal of dated or tedious experiments by inviting students 
to think about clever methods of data acquisition, and 
perhaps for the first time, to try their hands at computer 
programming. 

The authors would like to thank students Alisha 
Kundert, Andrew Levin, Ridwan Rahman, and Cody 
Simons for their data on each experiment. Student sup- 
port was provided by the Vanderbilt University College 
of Arts and Science. 



Appendix A: Technical Details 

Our work was done on Ubuntu Linux using an logear 
Bluetooth 2.1 USB dongle. The momentum experiment 
was conducted on a Ealing air table system. The colliding 
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pucks were covered with black construction paper, and 
reflective stickers from REI. 

The Cavendish experiment used a 5 mW green diode 
laser with an external power supply and integrated heat 
sink (model MGM3 from Beta Electronics). Laser point- 



ers work fine for quick experiments, but our experience 
showed that they do not hold up to the hours of contin- 
uous operation required by the Cavendish experiment. 

Our versions of the Wiimote interface libraries, both 
the original and the one modified for weak (reflective) 
sources, are available online.— 
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